We investigated the transferability of 31 soybean (Glycine max) simple sequence repeat (SSR) loci to wild congeners and to other legume genera. Up to 65% of the soybean primer pairs amplified SSRs within Glycine, but frequently, the SSRs were short and interrupted compared with those of soybeans. Nevertheless, 85% of the loci were polymorphic within G. clandestina. Cross-species amplification outside of the genus was much lower (3%-13%), with polymorphism restricted to one primer pair, AG81. AG81 amplified loci in Glycine, Kennedia, and Vigna (Phaseoleae), Vicia (Vicieae), Trifolium (Trifolieae), and Lupinus (Genisteae) within the Papilionoideae, and in Albizia within the Mimosoideae. The primer conservation at AG81 may be explained by its apparent proximity to the seryltRNA synthetase gene. Interspecific differences in allele size at AG81 loci reflected repeat length variation within the SSR region and indels in the flanking region. Alleles of identical size with different underlying sequences (size homoplasy) were observed. Our findings and the emerging patterns in other plant studies suggest that in contrast to animals, successful cross-species amplification of SSRs in plants is largely restricted to congeners or closely related genera. Because mutations in both the SSR region and the flanking region contribute to variation in allele size among species, knowledge of DNA sequence is essential before SSR loci can be meaningfully used to address applied and evolutionary questions.
Introduction
Microsatellites, or simple sequence repeats (SSRs), have been widely recognized as powerful and informative genetic markers in both animals and plants. SSRs consist of tandemly repeated units of short nucleotide motifs that are 1-6 bp long. Di-, tri-, and tetranucleotide repeats are the most common (e.g., (CA) n , (AAT) n , and (GATA) n , respectively) and are widely distributed throughout the genomes of plants and animals (Jarne and Lagoda 1996) . SSRs can be further classified into three categories: pure, compound, and interrupted. Pure SSRs consist of uninterrupted repeats of a single motif, e.g., (AT) n ; compound SSRs consist of two or more repeat types, e.g., (GT) n (AT) m ; and interrupted SSRs contain an interruption in the repeat, e.g., (GT) n GG(GT) m .
The utility of SSRs as genetic markers results from their inherent variability. In humans, heterozygosities typically exceed 0.5 and may be as high as 0.90, with up to 50 alleles per locus (Weber 1990) . Such extreme polymorphism is rarely found for other types of loci. Similar patterns of hypervariability at SSR loci are reported for birds , insects (Queller, Strassman, and Hughes 1993) , and plants (Gupta et al. 1996) . The hypervariability of SSR loci is a consequence of unusually high mutation rates for these nucleotide sequences. For human SSR loci, estimates of mutation rate vary among loci over the range 10 Ϫ3 -10 Ϫ5 (Weber and Wong 1993) , exceeding mutation rates for non-SSR loci by up to four orders of magnitude (Lacy 1987) . High mutation rates mean that SSR loci may be polymorphic even in species otherwise characterized by low levels of genetic diversity. Informative SSR variability has been found in insect species with little or no allozyme variability . Highly inbred soybean cultivars (Glycine max), maintain 11-26 alleles per locus and an average heterozygosity of 0.87 at seven SSR loci, substantially exceeding heterozygosity obtained with allozyme and restriction fragment length polymorphism markers (Rongwen et al. 1995) .
By virtue of their extreme polymorphism, SSR loci are considered ideal markers for forensic identification, paternity analysis, gene mapping, plant breeding, conservation biology, and population genetics (Weber 1990; Rafalski and Tingey 1993; Gupta et al. 1996; Jarne and Lagoda 1996) . However, because DNA sequence knowledge is required to design appropriate primers for the PCR assay, the development and application of SSRs in plants has mostly been restricted to a few of our most agriculturally important crops. Many of the initial SSRs reported for these plants were taken from the GenBank database, but this approach is only helpful when data are available for the species of interest.
It might be possible to facilitate more widespread use of SSRs in plants if we were able to transfer SSR loci across species. A growing number of animal studies report some cross-species amplification of SSR loci, with occasional informative transferability of loci to very divergent taxa. For example, in the most extreme case known, 17 SSR loci amplify across fish that have diverged as long ago as 470 Myr (Rico, Rico, and Hewitt 1996) . Six SSR loci from marine turtles successfully amplified in freshwater turtles separated by 300 Myr (Fitzsimmons, Moritz, and Moore 1995) , while cetacean SSR loci are conserved over 40 Myr (Schlötterer, Amos, and Tautz 1991) . In a wide-ranging survey of cross-spe- cies SSR amplification in birds, estimated that 50% of bird SSR loci will amplify among species separated by as much as 11 Myr. Some cross-species amplification of SSR loci has also been reported within primates (e.g., Garza, Slatkin, and Freimer 1995) , rodents (e.g., Kondo et al. 1993) , and artiodactyls (e.g., Engel et al. 1996) .
In this study, we investigated the transferability of 31 soybean SSR loci to wild congeners and to other wild and agriculturally important legume genera. We demonstrate widespread cross-species amplification within Glycine and some cross-species amplification among genera. More importantly, we show by DNA sequencing that interspecific differences between alleles are more complex than just simple changes in repeat numbers. These findings suggest the need for caution when interpreting SSR variation among taxa, particularly in the absence of DNA sequences for the alleles in question.
Materials and Methods

Study Species and Systematics
Glycine belongs to the tribe Phaseoleae (subtribe Glycininae) within the legume subfamily Papilionoideae and consists of two subgenera. Glycine max and G. soja belong to subgenus Soja, which contains the annual species; the remaining species are perennial and belong to the predominantly Australasian subgenus Glycine. Because the perennial species provide a potential source of germplasm for the improvement of soybeans, their cytology, taxonomy, and phylogeny have been studied extensively (e.g., Broue, Marshall, and Muller 1977; Newell and Hymowitz 1983; Singh and Hymowitz 1985; Brown 1990a, 1990b; Kollipara, Singh, and Hymowitz 1997) . Collectively, the available data show that subgenus Glycine can be further divided into three major genomic groups, or species clusters, designated A, B, and C. In this study, G. clandestina was chosen to represent genome group A, and G. microphylla was chosen to represent genome group B. It was not possible to represent group C; however, G. falcata was included instead (table 1) . Based on ITS sequences, Kollipara, Singh, and Hymowitz (1997) found G. falcata to be the most distinct taxon within the subgenus, allocating it to its own genomic group, F. Glycine max and the three other Glycine species are diploid, with 2n ϭ 40 (Singh and Hymowitz 1985; Doyle, Doyle, and Brown 1990a) . Two other subtribes within the Phaseoleae were represented: Kennedia (Kennediinae), a genus native to Australia, and cowpea (Vigna unguiculata: Phaseolinae). Three other papilionoid tribes were represented by broadbean (Vicia faba: Vicieae), clover (Trifolium subterraneum: Trifolieae), and lupin (Lupinus angustifolius: Genisteae). A single representative of subfamily Mimosoideae was represented by Albizia julibrissin (Acacieae). Further details on the sources of the study species and cultivars are provided in table 1.
DNA Extraction and PCR
For all species except Kennedia, DNA extraction was performed from either fresh or frozen leaf material (Ϫ80ЊC) according to the miniprep method of Dellaporta, Wood, and Hick (1985) , followed by RNase and phenol/chloroform treatment before DNA quantitation on a Gene Quant (Pharmacia Biotech). Kennedia DNA was extracted according to the procedure of Gilmore, Weston, and Thomson (1992) .
PCR conditions were modified from those of Morgante and Olivieri (1993), consisting of 25-l reactions containing 50 ng of template DNA, 0.2 M of primer, 200 M of each dNTP, 2 mM MgCl 2 , 50 mM KCl, 10 mM Tris-HCl (pH 8.3), 0.001% (w/v) gelatin, and 2 U of AmpliTaq (Perkin Elmer). PCR was performed on a Corbett Research FTS-960 thermal sequencer under two conditions: (1) the optimized high-stringency conditions developed for soybean (annealing temperature [T m ] ϭ 50ЊC or 58ЊC, depending on the T m of the primer pairs), consisting of 5 min denaturation at 95ЊC, followed by 40 cycles of 94ЊC for 1 min, 50ЊC or 58ЊC for 1 min, and 74ЊC for 45 s, with a final extension at 72ЊC for 10 min; (2) a touch-down thermal profile similar to (1), except that initially the annealing temperature was reduced in steps of 1ЊC every two cycles, from 50ЊC to 45ЊC, followed by 30 cycles at 45ЊC.
A series of SSR markers has been published for G. max, making it one of the most well characterized plants for SSR loci (Morgante and Olivieri 1993; Morgante et al. 1994; Akkaya et al. 1995; Maughan, Maroof, and Buss 1995; Rongwen et al. 1995; Powell et al. 1996) . Here we evaluated the transferability of soybean SSRs with a set of 31 SSR primer pairs developed by Morgante and co-workers (see table 2 for source details). Within Glycine, we tested the 31 SSR primer pairs for amplification in G. clandestina, G. falcata, and G. microphylla. For those primer pairs producing amplification products, we screened six individuals of G. clandestina, sampled from across the range of the species, to assess their potential to detect polymorphism (table  1 ). Other genera were tested with the subset of primers that produced products within Glycine. For those primers producing products, polymorphism was assessed by a survey of up to six cultivars ( 
Visualization and Sizing of Fragments
For the initial evaluation of cross-species amplification, the PCR reactions were electrophoresed through 2% agarose and visualized with ethidium bromide. Subsequently, for those primer pairs producing products, fluorescently labeled fragments were visualized and sized on 4.25% denaturing polyacrylamide gels, containing 6 M Urea and run with a 1 ϫ TBE buffer on an ABI Prism 377 automated sequencer. In this case, the DNA fragments were labeled during PCR with one of three fluorescent dUTPs, TAMRA, R6G, or R110 (Perkin-Elmer), by adding the [F] dUTPs to the standard PCR reaction mix at final concentrations of 2 M for TAMRA and 0.5 M for R6G and R110.
Cloning and DNA Sequencing Aliquots (20 l) of the PCR products were purified by ethanol precipitation prior to ligation of the fragments into the pGEM-T vector for subsequent transformation into E. coli JM109, using the components of the pGEM-T Vector System II kit at one half the manufacturer's recommended volumes (Promega Corp.). Alternatively, we constructed our own T-tailed vector from the vector pGEM 3Zfϩ (Promega Corp.; supplied as a sequencing control in the Dye Primer Cycle Sequencing Kit of Perkin Elmer, ABI Division) by cutting at the unique SmaI site in the multiple cloning site and adding 3Ј-terminal thymidine residues following the protocol of Marchuk et al. (1991) . The vector was adjusted to the same concentration as pGEM-T in the pGEM-T Vector System II kit and was used with the other kit components as above.
Transformed cell colonies were selected by blue/ white colony screening, and appropriate plasmids were recovered by alkali lysis and polyethylene glycol precipitation (Sambrook, Fritsch, and Maniatis 1989) . Dye primer cycle sequencing with the AmpliTaq FS kit (Perkin Elmer, ABI) was performed on a Corbett Research FTS-960 thermal sequencer with either the Ϫ21M13 or M13 Reverse ''universal'' sequencing primers, and electrophoresis was done on an ABI 377 automated sequencer. Sequence files were edited using the software package Sequencher 3.1 (GeneCodes). With the exception of the multiple fragments produced by the AG81 primer pair, the sequences of G. max were those used to design the original SSR primers. All new sequences obtained by cross-species amplification were aligned with the appropriate G. max sequence(s) using CLUSTAL W version 1.6 software (Thompson, Higgins, and Gibson 1994) . Multiple gaps sometimes appeared within the repeat region, and these gaps were gathered manually so as to group the repeat motifs together.
Results
Cross-Species Amplification of Soybean SSRs Within Glycine
Cross-species amplification was scored as positive only when sharp band(s) in the size range 80-200 bp were reproduced in at least two replicate PCR reactions. Using this criterion under high-stringency standard PCR GATTTTTTGCCTTCCTTTCTG  TCCATGCATGTATACTCCACC  TGTGGGCCACAAAACGTATAG  CAGGCTTTTTCTTTTTCTTCTT  CGAAGAGGTACGTGCCAAATT   TCATCAATCTCGACAAAGAATG  TTTGTTTGATCTATGCACTTGC  TTGAACAGCAAGAGTTTGGAC  TCATATGCCACAGGTTTTGTT  CGTACGTTCTAGCTAGTCTTC  CAACACCACTGTCCCTTTGA  GTTAGAAAACTCCGCCCACAC   58  58  58  58  58  56  58   3  3  3  3  1  3  1 a 1, Morgante and Olivieri (1993) ; 2, Powell et al. (1996) ; 3, Morgante et al. (unpublished data conditions, we amplified products from 12, 13, and 15 (38%-48%) different primer pairs in G. falcata, G. clandestina, and G. microphylla, respectively. The numbers of successful primer pairs were increased to 15, 19, and 19 (48%-61%), respectively, under touch-down PCR conditions. In total, 20 (65%) of the 31 primer pairs yielded products in one or more of the three taxa, with 15 primer pairs producing products in all three taxa (table 3).
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For the primer pairs AC57, AC74, AG40, AG48, AG69, AG81, and AG93, up to three bands were produced in G. max and G. clandestina (table 4) . Given the predominant selfing in G. max, multiple bands are likely to represent different loci rather than different alleles . A pair of duplicate loci is reported for AG48 in G. max but, surprisingly, was not detected in our control, although duplicate loci were observed in G. clandestina and G. falcata. Although native Australian Glycine are predominant selfers, we observed heterozygotes, but when multiple bands were shared across taxa, we interpreted these to represent multiple loci. The sequencing results described below lend support to this hypothesis.
Cloning and sequencing of the PCR products amplified with soybean SSR primer pairs confirmed that all primer pairs produced one or more fragments containing simple sequence repeats in G. clandestina (table 4) . Furthermore, the same type of repeat was conserved across the two taxa. Compound repeats in G. max were usually, but not always, compound in G. clandestina. However, all G. max SSR loci except soylox exhibited 10 or more pure repeats. In contrast, the number of uninterrupted repeats in G. clandestina was always lower. For example, for those primer pairs producing only single frag- a Cross-species amplification was scored as positive (1) when product(s) in a size range similar to that for the soybean control were produced. The following primer pairs failed to amplify in any of the three species: AC32, AC42, AC43, AC97, AC153, AG93, AG54, AG77, AG90, SOYPRP1, and HSP176.
b Amplification only under touch-down PCR.
ments in both G. max and G. clandestina, 7 of 10 SSR loci had fewer than six pure repeats (table 4) . The most notable feature of the G. clandestina repeats was the high frequency of interruption. Most of the SSRs in G. max were pure or pure compound SSRs. In contrast, 15 of the 24 SSRs of G. clandestina were interrupted. For example, AG50A and one of the AG81 loci exhibited three interruptions of the AG repeating motif, and AG69 and AC30 showed two interruptions, with the remaining interrupted SSRs exhibiting a single interruption. Most interruptions were 2-bp interruptions. If we assume that the SSRs were initially pure, then the interruptions can be accounted for both by transversions (e.g., AC30, AG36, AG45) and by transitions (e.g., AG40, AG43, AG50B) at one of the bases of the repeat motif. Other interruptions represented either single-base indels (e.g., AG69) or more complex interruptions (e.g., AG48).
In addition to the nucleotide variation within the repeat region, loci in G. clandestina showed both sequence and length variation in the flanking regions when compared with loci of G. max. The range of sequence variation is illustrated in the four pairs of sequence alignments shown in figure 1. At AG50A, the flanking nucleotide sequences are identical, but repeat interruption is apparent. Differences in allelle size thus reflect only variation in the repeat region. At AC21, point mutations are apparent in the flanking region; however, as at AG50A, differences in allele size reflect only variation in the repeat region. In contrast, differences in allele size at AC30 reflect deletion in the flanking AT-rich region, loss of repeats in the AT repeat, and insertion within the AC repeat. At AG83, nucleotide differences in the flanking region are apparent, and a large section of the AG repeat is replaced by a non-SSR sequence. Consequently, despite the large contraction of the AG repeat, allele sizes are similar.
Cross-Species Amplification of Soybean SSRs Within Other Legume Genera
Eight of the 20 primer pairs that produced fragments in Glycine subgenus Glycine also produced putative SSR-containing products in one or more of the other legume genera under touch-down PCR conditions. Of particular interest was AG81, which produced fragments in all genera, including Albizia of the Mimosoideae. The maximum number of loci successfully crossamplifying in any one species was four, representing 13% of the total set of 31 primers, or 20% of the 20 primers that amplified within Glycine (table 5) .
To date, DNA sequencing has not been successful for Albizia, and not all putative SSR products have been sequenced in the other genera. However, DNA sequencing has confirmed that cross-species amplification can produce SSR-containing products. In Vigna, the AG50 allele contained a (GA) 2 GG(GA) 5 repeat, compared with (AG) 19 in G. max. At AG93 in Vigna, (AT) 3 was found in the same region containing (AT) 11 (AG) 17 in G. max, and in Trifolium, one of the AG48 loci sequenced produced a (GA) 2 . In this latter case, homology cannot be assumed with the (AG) 18 locus, because multiple loci are produced by the AG48 primer pair in Glycine.
Homology Among AG81 Loci
Because AG81 produced SSR products across the legumes, we expanded our DNA sequencing to include the three loci amplified in G. max and G. clandestina, the two loci produced in G. microphylla and G. falcata, and the single locus found in the other genera. A sequence alignment is shown in figure 2 and Within the Phaseoleae (Glycine, Kennedia, and Vigna), there is strong overall sequence similarity at the AG81 loci. For example, the repeat region is bounded by a conserved sequence on both the 3Ј and 5Ј sides. The 3Ј, but not the 5Ј, sequence conservation is retained in all taxa. The sequences of all taxa share a second region of variability in the flanking region dominated by A and T. In G. clandestina, indels of one to several bases were also apparent in AT-rich regions at AC30 ( fig. 1) , AG43, and AG45 (data not shown), suggesting that mutation may be frequent in these regions.
In an attempt to define putative homology among the multiple AG81 loci, phylogenetic analysis was performed on the aligned sequences (data not shown). Table  6 compares the SSR structures and allele sizes of the putatively homologous AG81 loci. An important feature to note is the frequent similarity of allele sizes despite (table 6) . Clearly, allele sizes across taxa at these AG81 loci can reflect variation in both SSR and flanking regions, not just the SSR region. This pattern was also apparent when comparing G. max and G. clandestina at other loci ( fig. 1 ). For example, AG83 showed similar allele sizes in G. max and G. clandestina (Ϯ1 bp) despite very different underlying flanking sequences. Thus, due to indels in the flanking region and interruptions within the repeat region, it is clearly not possible to infer the underlying repeat structures of loci generated by cross-species amplification.
Homology of Soybean SSR Sequences in GenBank
Given some SSR primer-site conservation among the legumes, we performed BLAST searches for nucleotide and amino acid similarity to determine whether the SSRs were associated with conserved gene regions.
BLAST searches were based on the full-length sequence from which the primer pairs were designed, not just the amplified sequence. Aside from the three loci for which primer pairs were designed from GenBank sequences, HSP176, soylox, and soyPRP1, only AG81 showed similarity to any GenBank sequences. The AG81 sequence contained a stretch of high sequence similarity (88% identity, 96% similarity at the amino acid level) to seryltRNA synthetase (Arabidopsis thaliana, Z70313), immediately preceding the SSR segment. The SSR itself appears to reside within an intron, while one of the primers is in the SerRS coding sequence. The other primer is in the intron. Aminoacyl-tRNA synthetases are highly conserved in plants, and therefore the exon-directed primer is likely to function in many related legumes. While one expects less conservation of the intron, our amplification results seem to indicate that there is enough conservation to assure amplification across species of legumes. Interestingly, although associated with GenBank sequences, soylox showed limited cross-species amplification, while HSP176 and soyPRP showed none. Unlike AG81, these sequences were not found to be associated with coding regions and, instead, occurred in the regions flanking the gene. Thus, the location of one AG81 primer in an exon, rather than proximity to a gene per se, may explain why AG81 is the only primer pair to amplify across all the legumes tested.
Polymorphism Within Glycine clandestina and Other Genera
While we have demonstrated cross-species amplification of soybean SSR loci both within and beyond the genus Glycine, the usefulness of cross-species amplification is dependent on the extent of polymorphism. In our survey of six G. clandestina individuals representing samples across the species range, 17 of the 19 primer pairs produced fragments of variable sizes, with the number of putative alleles ranging from two to eight per primer pair. For primer pairs producing single loci (see table 4), the mean number of alleles per locus was 2.9 Ϯ 1.4 (mean Ϯ SD, n ϭ 11). An ongoing survey of SSR variation within natural populations of G. clandestina has so far detected within-population polymorphism at AG48, AG69, AG50B, AG93, AC57, and AC21. The loci AG69 and AG48 are presently the most well characterized, with five and eight alleles, respectively, detected within a random sample of 15 individuals from a single natural population. With an expanded survey, we believe that more alleles will be found in this species (unpublished data).
In contrast to G. clandestina, we found little variation in our surveys within the other species. In Kennedia rubicunda, we found putative variation in allele size between the two samples at the AG81 locus. We also found variation among Vigna unguiculata cultivars for AG81, with four alleles among the six cultivars. No variation was detected with other primer pairs for Kennedia, Vigna, or any of the other species and cultivars listed in table 1. Thus, cross-species amplification only yielded informative polymorphic markers within the tribe Phaseoleae. Beyond the tribe, cross-species amplification has not yet produced polymorphic loci.
Discussion
Patterns of Cross-Species SSR Amplification in Plants
We have shown that under touch-down PCR conditions, up to 20 of the 31 G. max SSR primer pairs successfully amplified SSRs within subgenus Glycine. Within G. clandestina, 85% of these primer pairs revealed polymorphic loci. Successful cross-species amplification outside of the genus was much lower than within Glycine, ranging from 3% to 13% within the Papilionoideae. One primer, AG81, amplified across all taxa, including A. julibrissin, representing the Mimosoideae. Informative, cross-species amplification was, however, restricted to the tribe Phaseoleae.
Patterns of cross-species SSR amplification in plants are beginning to emerge, although there are still few studies that systematically explore SSR transferability beyond closely related genera. Table 7 provides some examples of cross-species amplification in plants.
Although the number of loci tested generally remains (1) when product(s) in a size range similar to that for the soybean control were produced.
b Multiple RAPD-like fragments (mostly longer than 500 bp) were produced.
small, there appears to be moderate to complete crossspecies transferability within genera (50%-100% primer conservation). However, not all putative SSR loci yield amplification products that are informative (20%-100% polymorphic) within genera. Successful cross-species amplification among even closely related genera appears to be much lower than that within genera, similar to our findings for the legumes. The apparent low success rate of cross-species amplification among plant genera contrasts with findings for animals, especially fish, turtles, and whales, all of which show informative amplification across very divergent taxa (see Introduction). This is a disappointing finding for plant biologists, particularly since SSRs tend to be less frequent in plants (Lagercrantz, Ellegren, and Andersson 1993) . Even so, as increasing numbers of SSR primer sequences are published, cross-species amplification can be expected to provide an additional source of markers. For example, well-characterized species such as soybeans, with more than 1,000 SSR loci, may ultimately provide up to 100 SSR loci for other legume crops, such as cowpea, broadbean, and lupine. It may further be possible to increase the success rate of cross-species SSR amplification by searching expressed sequence tags (ESTs) and heterogeneous nuclear RNA (hnRNA) libraries or databases for SSRs that can be anchored in exons. It remains to be determined just how informative such SSRs will be in general, although our results for AG81 revealed potentially useful polymorphism among species and genera within subtribe Phaseoleae.
The Size and Nature of SSRs Generated by CrossSpecies Amplification
We found a strong tendency for shorter SSRs in G. clandestina than in G. max. van Treuren et al. (1997) reported a similar pattern, with 9 of 10 cases of crossspecies amplification from Arabidopsis to Arabis generating alleles with smaller SSRs. Provan, Powell, and Waugh (1996) found that of two SSR loci derived by cross-species amplification from tomatoes, one monomorphic locus did not contain an SSR, and a polymorphic locus contained shorter repeats in potatoes than in tomatoes. Dot-blot analysis has suggested that wheat SSR loci that amplify in rye and barley contained shorter or no SSRs (Röder et al. 1995) .
A tendency for SSR alleles to be shorter in the nonsource species has also been reported for primates (e.g., Rubinsztein, Leggo, and Amos 1995) , birds, cattle, dogs, and whales (see Ellegren, Primmer, and Sheldon 1995) , and hypotheses for this pattern have been the subject of some controversy in the literature (cf. Rubinsztein, Leggo, and Amos 1995; Amos and Rubinsztein 1996; Ellegren, Primmer, and Sheldon 1995) . However, in a reciprocal study of cattle and sheep SSR loci, this pattern of smaller allele size held in both directions. This supports the hypothesis of ascertainment bias. That is, by virtue of selecting the most polymorphic SSRs in the target species, which are close to the maximum size possible, the locus will generally tend to exhibit shorter repeats in related species (Ellegren et al. 1997) . While ascertainment bias is now the favored hypothesis, given our finding of nucleotide variation in both repeat and flanking regions, it is clear that reciprocal studies of allele size need to be followed by detailed sequencing to confirm this hypothesis.
An interesting feature of our data set was the tendency for SSRs both within G. clandestina and in the other legume genera to show interrupted repeats, compared with pure repeats in G. max. Interruption of SSRs was also observed by van Treuren et al. (1997) for one of nine Arabidopsis SSRs in Arabis. An analogous pattern of interruption due to point mutation is reported for human SSRs in other primates (Blanquer-Maumont and Crouau-Roy 1995; Garza, Slatkin, and Freimer 1995) . There is growing evidence that pure repeats are unstable, with stepwise mutation and deletions increasing with the size of the pure repeat (e.g., Wierdl, Dominska, and Petes 1997) . On the other hand, interruptions in pure repeats appear to stabilize SSRs. In yeast, for example, interruptions in GT repeats decrease mutation rates fivefold (Petes, Greenwell, and Dominska 1997) . Pure SSRs may therefore be in the minority and may represent a transient evolutionary state.
Mutation at SSR alleles is clearly not restricted to the hypervariable region. Our DNA sequences showed indels and base substitutions in the flanking region, with both indels in the flanking region and variation in the number of repeats contributing to allele size. Of particular importance was the finding of size homoplasy at AG81, in which SSR alleles had the same size but different underlying sequences. Given the similarity in allele size between G. max and G. clandestina at other loci (e.g., AG83) despite sequence differences, we anticipate that size homoplasy may be frequent at other loci and for other Glycine taxa.
These findings clearly show that variation in repeat length and insertion and deletion events in both the SSR region and the flanking region all contribute to the variation (or lack thereof) in allele sizes among Glycine species. Similar processes appear to occur at chloroplast SSRs, for which size homoplasy among Glycine species is also known (Doyle et al. 1998) . Kostia et al. (1995) FIG. 2.-CLUSTAL W alignment of AG81 sequences in Glycine and other genera. Note that the alignment was produced by first aligning Glycine. Subsequently, the other species were aligned relative to the Glycine alignment using the profile alignments option. Alignments were performed with the primer sequences but are excluded from the figure. GenBank accession numbers (from top to bottom): AF06267, AF06268, AF06269, and AF062774-AF02786.
found evidence that these processes also occur within plant species. In Pinus sylvestris, SSR fragments differing by only 4 bp in total length showed dramatically different sequences. One sequence contained a 17-bp duplication in the flanking region, and the other contained an extended SSR. Similar patterns of complex sequence variation within both SSR and flanking regions can give rise to some size homoplasy and have been found at SSR loci in humans (Grimaldi and Crouau-Roy 1997) and horseshoe crabs (Orti, Pearse, and Avise 1997) .
Size homoplasy due to complex mutation processes within and beyond the SSR region will complicate the interpretation of SSR length data. In particular, genetic relationships among taxa are likely to be seriously underestimated, a problem that is likely to be accentuated with increasing divergence (Garza, Slatkin, and Freimer 1995; Garza and Freimer 1996; Nauta and Weissing 1996) . It is clear, especially for studies concerned with defining genetic relationships among species, that it is impossible to infer SSR number from allele size. Consequently, DNA sequencing of SSR alleles will be essential to minimize the risk of misinterpretation and to maximize the genetic information that can be obtained (see also Goldstein and Pollock 1997; Orti, Pearse, and Avise 1997) .
Size and Nature of SSRs and Patterns of Polymorphism
As for human SSRs (Weber 1990; Garza, Slatkin, and Freimer 1995) , SSR polymorphism tends to increase with increased repeat number in plants (e.g., Bryan et al. 1997; Innan, Terauchi, and Miyashita 1997; Smulders et al. 1997; van Treuren et al. 1997) , although the relationship is not always obvious (e.g., Depeiges et al. 1995; Szewc-McFadden et al. 1996) . However, in contrast to humans where SSRs with fewer than 10 repeats tended to show little, if any, polymorphism (Weber 1990; Garza, Slatkin and Freimer 1995) , short SSRs can be informative in plants. In Beta, the two most polymorphic loci contained repeat numbers in the range of 5-29 and 3-27 copies, respectively, indicating that SSRs of short repeats in plants should not be ignored as potentially informative loci (Mörchen et al. 1996) . Our data also support this conclusion, with apparent polymorphism at most loci in G. clandestina despite interruption and small numbers of repeats per SSR locus. van Treuren et al. (1997) also reported polymorphism at some interrupted and short-repeat SSR loci in Arabis with as few as four repeats. Similarly, Smulders et al. (1997) found polymorphism among Lycopersicon species in 15 of 18 loci with four to eight repeats. Thus, a For the purpose of these comparisons, the SSR region is defined as the region bounded by the conserved region apparent in figure 2 ; accordingly, all bases in this region are shown here.
b Sequence size in base pairs; excludes the primer, so as to match the alignment in figure 2. Katzir et al. (1996) Whitton, Rieseberg, and Ungerer (1997) Provan, Powell, and Waugh (1996) Smulders et al. (1997) Brown et al. (1996 ) Röder et al. (1995 ) Brown et al. (1996 a Two of the eight loci also showed successful but sporadic amplification in representatives of tribes other than Heliantheae, the tribe that contains Helianthus. b Cross-species amplification was restricted to genera within the tribe Ingeae. No amplification was found in Parkia, Dinizia, Acacia, Pentaclethra, or Gliricidia. c PCR performed under lower stringency than for Triticum. Dot-blot analysis indicated that most amplification products contained either no SSRs or very short SSRs undetected by the dot-blot.
plant SSR loci may well be polymorphic with fewer repeats than is the case for humans, and therefore loci with short repeats should not be ignored as potentially informative markers.
Conclusions
In this study, we have demonstrated successful cross-species amplification of several soybean SSR loci within and among legume genera, with immediate potential for the study of variation within populations of single species. Useful transferability, however, is mostly restricted to congeners. For studies requiring more extensive cross-species amplification in plants, it may be necessary to target SSRs anchored in genes. Our sequencing results show that the maintenance of variation in allele size among species is complex, reflecting mutational processes at both the repeat and flanking regions. This complexity and the possibility of size homoplasy among, and even within, species will complicate the interpretation of SSR variation. Studies employing cross-species amplification must therefore be accompanied by knowledge of the underlying DNA sequence. With such knowledge, and by a judicious choice of loci, it may be possible to find SSR loci for addressing a full range of applied and evolutionary questions across species. At the very least, studies at the DNA sequence level across species will provide further valuable insights into the evolution of SSRs.
